The preparation of sexed semen is based on the differential DNA content between the X and Y chromosome bearing sperm cells determined by fluorescence-activated cell sorting. In spite of its intrinsic limitations this represents the only effective method. However, the employment of sexed sperm for breeding food producing animals on a large scale requires additional knowledge in the protein repertoire for the development of improved methods to differentiate X and Y sperm cells maintaining high vitality. In order to address this issue, we performed a comparative shotgun proteomic investigation by nUPLC-MS/MS to characterize sexed bovine semen. The protein profiles of these two types of sperm cells have shown differential expression of proteins that may be directly associated with the main components of cytoskeletal structures of flagellum, as the axoneme, outer dense fibers and fibrous sheath, as well as glycolytic enzymes and calmodulin, involved in the energetic metabolism regulation. Overall these results may provide a base to a better comprehension of the biological features of sperm cells and may be useful to the development of alternative methods of separation.
Introduction
The possibility to control the sex of offspring in food producing mammals is a topic of great interest for researchers of breeding technology. Controlling the ratio between males and females entails direct returns in the livestock industry allowing a better management of food production, faster genetic selection, animal welfare improvement and a decrease of environmental impact. 1 The technological development of flow cytometry methods for sorting living X-and Y-chromosome bearing sperm made this possible in Bos taurus species. 2 This technology, based on the difference of haploid DNA content between X-and Y-chromosome bearing sperm, evaluated to be 4.05-4.98% depending of cattle breeds, 3 provides a tool to separate gametes carrying either the X or Y chromosome with an accuracy of 85-95%. 4 But, despite the technological improvements that have succeeded over the years, sorting procedure is still limited by the relatively low number of sperm sorted per unit time (approximately 20 million sperm per hour). 1 Moreover, sample dilution diminishes the fertilizing potential of spermatozoa, causing the dilution of protecting and regulating substances of seminal plasma, 5 that leads to low pregnancy rates when cryopreserved sexed spermatozoa are employed for the artificial insemination of cows. 6 DNA staining methods and UV irradiation also damage spermatozoa and reduce the embryonic viability. 7 Although lower pregnancy rates or embryo production using sexed sperm by flow cytometry have been well documented, 4, 8 the associated mechanisms and the molecular modifications which cause fertility losses and impair embryo production are poorly understood. In spite of these limitations, flow cytometric sorting is the only method to separate X-and Y-chromosome bearing sperm that is suitable for commercial application. 2 The relevance of pre-selecting the sex of mammalian offspring pushes for the discovery of faster, cheaper and more efficient methods for the separation of sexed semen. This technological advancement may be reached only by a deeper knowledge of sperm cell biology. In recent years, the application of proteomic methodologies to this field leads to unparalleled progress in the identification of sperm protein constituents, such as transmembrane proteins, kinases and chaperones never previously recognized, providing promising means to answer biological questions related to sperm cells. 9 Moreover, specific differential protein content has been correlated with different estimated relative conception rates (ERCR), 10 thus associating spermatozoa protein representation with the fertility rates. 11 Over the years, several reports engaged the question of diversity between X and Y sperm cells demonstrating a Dipartimento di Scienze Veterinarie e Sanità Pubblica (DIVET), significant dissimilarity in structure, morphology, motility and energy metabolism. 12, 13 However, these differences have not found confirmation in studies on protein expression in sexed sperm cells. 14, 15 More recently, an extensive proteomic investigation of sexed sperm cells by 2-DE/MS shed light on differentially expressed proteins between bull X and Y spermatozoa including proteins involved in energy metabolism, cellular defense and stress, cytoskeleton and inhibitors of serine proteases. 16 In this work, we employed a different proteomic approach based on a nUPLC-MS/MS strategy, with the aim to investigate the global protein expression profiles of these two cell populations. The experimental design was organized in two analytical phases, the discovery phase directed to highlight putative proteome differences between Y-and X-chromosome bearing sperm cells, and the validation phase, where samples were singularly analyzed in order to confirm the findings (Fig. 1) . The results reported here provide information on the basic biochemical differences between X and Y sperm cells required for the development of new cell sorting method alternatives to the actual DNA-based procedure.
Methods

Sexed sperm cell production
Three bulls were utilized for producing a total of six batches of sexed sperm cells. Ejaculates were collected via an artificial vagina and immediately evaluated for concentration and visual motility using spectrophotometer and phase contrast microscopy, respectively. Ejaculates with concentrations less than 500 million sperm per mL were rejected. A single ejaculate from each bull was sorted in two batches of sexed X-and Y-chromosome bearing sperm cells by Cogent Breeding Ltd (Aldford, Chester, UK 
Database search
nUPLC-MS/MS data were processed using ProteinLynx GlobalServer v2.4 (PLGS, Waters Corp.). Protein identifications were obtained with the embedded ion accounting algorithm of PLGS software searching into the UniProtKB/Swiss-Prot bovine database release 2012_01 (Bos Taurus; 5879 entries) to which the sequence of ScEnolase was appended. Parameters for the database search were: automatic tolerance for precursor ions, automatic tolerance for product ions, minimum 3 fragment ions matched per peptide, minimum 7 fragment ions matched per protein, minimum 2 peptide matched per protein, 1 missed cleavage, carbamydomethylation of cysteines and oxidation of methionines as fixed and variable modifications. The false positive rate (FPR) of the identification algorithm was set under 4%.
Protein expression profiling
Relative quantitative analysis was performed by the PLGS dedicated tool. Identified proteins were normalized against P00924 entry 
Targeted label-free quantitation
Targeted analysis was performed in order to assess the relative quantity of the differential proteins in single X and Y cell protein digestions separately run in triplicate. Skyline open source software was employed to build a method for analyzing mass spectrometry data. 21 A peptide MS/MS spectral library was created from a csv file generated by PLGS software including peptide and fragment ions information from a pooled sperm sample run on the previously described Waters platform. Duplicate or repeated peptides were automatically removed, as well as peptides without a matching protein in the background proteome, the ''Bos taurus'' taxonomy-limited sequence list from UniProtKB/Swiss-Prot database. The peptide list was also reduced to the modulated proteins in the PLGS protein expression analysis. Proteotypic peptides were selected following the criteria: uniqueness in the reference background proteome; lack of methionine and tryptophan residues in the amino acid sequence; peptide length ranging from 8 and 25 amino acid residues; evaluation of precursor ion intensity in MS/MS spectra. Raw data from each chromatographic run were processed in order to generate the eXtracted Ion Chromatogram (XIC) of selected peptide masses. Chromatographic traces were inspected for the proper peak picking and peak areas were manually adjusted when necessary. After Savitzky-Golay smoothing, the peaks corresponding to the precursor ion retention times were integrated and the resulting peak areas were normalized to the spiked in ScEnolase peptides and then multiplied by a normalization factor of 100. The normalized peak area was averaged across all X or Y cell acquisitions and a ratio Y : X was generated. A P-value was achieved by a two-tailed, unpaired Mann-Whitney test.
Results
In order to focus on differential expressed proteins between Y-and X-chromosome bearing sperm cells, we performed a comparative analysis of pooled samples of sexed sperm by shotgun nUPLC-MS/ MS (Fig. 1 ). 24.852 EMRTs (Exact Mass Retention Time) peptide clusters were recognized by PLGS software with a RSD (Relative Standard Deviation) mass below 15 ppm (mean 3.2 ppm) and %CV RT (Coefficient of Variation on Retention Time) below 5% (mean 1.2%). The coefficient of variation of EMRTs intensities (%CV Intensity) showed Gaussian distributions centered on mean value of 2.4 %CV in both Y and X sample analyses based on triplicates (Fig. 2) . Protein expression profiling was performed after EMRTs and protein normalization. Only proteins identified in at least two of three injections with a fold change higher than 1.3 were taken into consideration. A fold change of 1.3 (0.30 on a natural log scale) indicates expression levels modulated by 30%. Moreover, results were filtered by PLGS statistic filter in order to select only modulated proteins with a confidence level greater than 95%. Applying these stringent filtering criteria 17 differentially expressed proteins were highlighted (Table 1 and Fig. 3 ), 15 of them were found up-regulated in X-bearing sperm cells, 2 in Y-cells (further details are available as Table S1 , ESI †). Most of them were found to be proteins with structural function (five isoforms of Tubulin, three components of outer dense fibers and A-kinase anchor protein 3) while four were glycolytic enzymes (two isoforms of glyceraldehyde 3-phosphate dehydrogenase, triosephosphate isomerase and L-lactate dehydrogenase A). Finally, 4 different proteins were found more expressed in X-cells: L-asparaginase involved in amino acid catabolism, the regulatory protein calmodulin, seminal plasma protein PDC109, a chaperon-like protein which is strongly associated to sperm membranes and sperm acrosome membrane-associated protein 1. In order to validate shotgun results, we applied a targeted label-free strategy to evaluate the expression profile of the proteins by analyzing the proteotypic peptides. X and Y cell protein digestions were separately run in triplicate. Tryptic digestion of yeast enolase was added to samples as an internal standard. Data were acquired by nUPLC-MS/MS in expression mode. Semi-quantitative analysis was carried on by Skyline software tool, integrating the peak area obtained by the Extracted Ion Chromatograms (XIC) of the MS1 spectra of proteotypic peptides. The normalized peak areas were calculated for each single run and compared (Fig. 4) . The significance of the obtained distributions was calculated by applying the Mann-Whitney unpaired test ( Table 2) . Four of analyzed proteins have been confirmed to be more expressed in X cells with a fold change higher than 30%. These are seminal plasma protein PDC109, outer dense fiber protein 2, A-kinase anchor protein 3 and Glyceraldehyde 3-phosphate dehydrogenase testis-specific. Another six proteins were found to be more abundant in X than Y cells with a fold change calculated by selected peptides ranging from 14% to 23% (L-lactate dehydrogenase A, tubulin alpha-3, tubulin beta-4B, Sperm acrosome membrane-associated protein 1, calmodulin and triosephosphate isomerase).
Discussion
The application of unsupervised protein profile evaluation to the study of sperm cell biology is a promising tool to study this field that is, from many aspects, still not understood. 9 In this paper we approach the relevant question of the differences between Y-and X-chromosome containing sperm cells by a shotgun bottom-up proteomic strategy based on nUPLC-MS/MS investigation. This experimental approach applied to the analysis of peptides obtained by tryptic digestion of cell extracts was employed to give information on the basic structural features of the sperm cells. Collected data showed that significant differences between X and Y cells were related to cytoskeletal proteins which, because of their oligomeric state, are difficult to investigate by proteomic techniques based on protein separation. In the light of these considerations, it was not surprising to find that three tubulin isoforms were more represented in X cells whereas different isotypes were principally observed in Y cells. In a recent issue, Chen et al., performing an extensive differential analysis of sexed bovine sperm cells by 2DE/MS, reported the enhanced levels of the tubulin a3 and b4B isoforms in X cells with respect to Y cells. 16 Here, we can complete this experimental frame, demonstrating that two different tubulin isoforms (tubulin a8 and b2B) showed different expression profiles with the inverse fold ratio. Chen et al.
suggested that this observation may correlate to the putative cytoskeletal differences influencing the tail shape and movement properties of spermatozoa. 16 Indeed, tubulins are the fundamental components of microtubules which, associating in the typical 9 + 2 structure, originate in the central axonemal motor of sperm tail. Moreover, shotgun analysis revealed that not only the tubulins, but also other cytoskeletal components of the sperm tail were more expressed in X cells. An outstanding result indicated that three components of outer dense fibers (ODFs) were found upregulated in X cells. The ODFs are filamentous structures composed of heavily disulfide linked keratin-like proteins, 22, 23 linked to the external microtubule doublets of the core axoneme. ODFs act to stiffen the axoneme and to anchor it at the basal end of flagellum, where ODFs are united with the connecting piece. 24 It was proposed that ODFs are also actively involved in the bending of the sperm tail providing a means to overcome the flexural rigidity imposed by the presence of cytoskeletal accessory structures. 25 The role of ODFs in motility of the sperm cells was supported by genetic evidence that highly chimeric mice with ODF2 AE genotype were shown to be infertile, with evident sperm tail defects and impaired motility. 26 The results of our mass spectrometry investigation arouse interest by considering the involvement of cytoskeletal tail Fig. 4 Comparison between measurements of the relative abundance of modulated proteins in sexed sperm cells assessed by targeted label-free analysis. Selected peptides peak areas, normalized on yeast enolase internal standard, are reported for Y-(square) and X-(circle) chromosome bearing sperm cells. Median and interquartile ranges are shown for seminal plasma protein PDC 109 (A), outer dense fiber protein 2 (B), L-lactate dehydrogenase A (C), A-kinase anchor protein 3 (D), tubulin alpha-3 (E), tubulin beta-4B (F) glyceraldehyde-3-phosphate dehydrogenase, testis-specific (G), sperm acrosome membrane associated protein 1 (H), calmodulin(I) and triosephosphate isomerase (J). *P-value o 0.05, **P-value o 0.01. structures in sperm motility. A-kinase anchoring protein 3 (AKAP3), a major component of fibrous sheaths, as well as four glycolytic enzymes, were found more expressed in X-chromosome bearing cells. In addition to the ODFs, the mammalian sperm flagellum is characterized by the presence of a fibrous sheath (FS) that surround the axoneme and ODFs in the principal piece region of the sperm flagellum. Three FS protein constituents are cAMP-dependent protein kinase anchoring proteins (AKAP). 27 They function as scaffolds for signaling pathway components that modulate a variety of cell functions. 28 Several glycolytic enzymes are associated to the FS including spermatogenic cell-specific hexokinase 1 variants, 29, 30 testisspecific glyceraldehyde-3-phosphate dehydrogenase, 31 enolase, 32 L-lactate dehydrogenase A and C isotypes 33, 34 and the A isoform of aldolase 1. 34 The glycolytic enzymes arrangement along the principal piece of sperm tail is thought to be important for providing ATP to distal regions of the flagellum. This suggestion was supported by gene targeting studies indicating that testisspecific glyceraldehyde-3-phosphate dehydrogenase is required for sperm motility. demonstrated that ALP protein localizes in the mid-piece of rat and human sperm cells, suggesting that ALP is associated with the mitochondria. 36 The biological function of this enzyme has still not been clarified. The observation that ALP has been detected in several human tumors 37 led to the proposal that ALP activation may be related to the altered metabolic profile of cells characterized by increased glycolysis and reduced flux through the tricarboxylic acid (TCA) cycle. 38 Thus, ALP may act to compensate the lack of intermediate metabolites of TCA, converting asparagine to aspartate which, in turn, may be converted into oxaloacetate. This explanation also fits the metabolism of sperm cells which depend on glycolysis to generate most of the energy required for sperm motility. 35 Finally, three different proteins were found upregulated in X cells compared to Y cells, sperm acrosome membrane-associated protein 1, calmodulin and seminal plasma protein PDC 109. This third protein, the major component of bovine seminal plasma, is involved in sperm capacitation. 39 Due to its properties of molecular chaperone, it is the principal contaminant of protein extracts of sperm cells 11 but, in this context, it doesn't seem to have a particular biological meaning. Otherwise, the involvement of calmodulin (CALM) in sperm cell physiology was well documented. CALM mediates the processes triggered by the rinsing of Ca 2+ concentration which takes place in the head as well as in the tail of a mammalian sperm cell. 40 CALM is involved in sperm capacitation, 41 but also regulates the sperm tail beating changes responsible for hyperactivated motility in mammalian oviduct. 42, 43 Thus, the increased CALM concentration in X cells may be related to a major energetic request necessary to move the spermatozoa, as may be also inferred by the higher levels of glycolytic enzymes. Finally, Sperm acrosome membraneassociated protein 1 (SACA1), a 34 KDa membrane protein is detected in correspondence of acrosome in human sperm cells, with a higher concentration in the equatorial segment. 44 In humans, SACA1 was clearly shown to be a differentiation antigen, 45 expressed exclusively in germ cells during acrosomal biogenesis. However, its acrosomal localization suggests that this protein may be a potential candidate for an antibody-based separation of sexed sperm cells.
Conclusions
In summary, our proteomic analysis pointed out significant differences between bovine X-and Y-chromosome bearing sperm cells principally related to the expression of proteins involved in cytoskeleton organization. These findings suggest the possibility that X and Y cells may differ in structural characteristics concerning the arrangement of the sperm tail. In the past years, the differences in size or shape between X and Y cells have been investigated by different experimental approaches leading to different, even conflicting outcomes. The recent application of atomic force microscopy clearly showed there are no differences in the dimensional parameters of bovine sexed sperm heads, 46 even though sperm tails were not investigated. The failure of the previous attempts to separate the X-and Y-chromosome bearing sperm cells on the basis of physical properties 2 lead to the conclusion that this way may unlikely lead to results better than the actual method for sperm sexing. Our proteomic analysis highlighted different proteins which could be employed as tentative molecular features to distinguish X and Y cell populations. However, this possibility is linked to the accessibility of specific antibodies to the selected protein targets for detecting and possibly separating a recognized cell type. In this context the sperm acrosome membrane-associated protein 1 should be a potential molecular target by virtue of its antigenic properties and acrosomal membrane localization. The antibodies accessibility of the other differential proteins is not obvious. As this question is relevant for developing alternative methods of sorting, it should be investigated by a direct experimental approach for the selective targeting of sperm surface proteins through antibodies or a selective technique of labeling. 47 This proteomic investigation also suggested that X cells produce higher levels of glycolytic enzymes, in particular testisspecific glyceraldehyde-3-phosphate dehydrogenase, as well as calmodulin, essential for sperm motility regulation. The analysis of distributions showed a partial overlap of measured values in single samples that induce to exclude a direct employment for distinguishing the two sperm populations. Nevertheless, these emerged differences could be useful to orientate further research toward the development of methods of cell separation based on the differential energetic consumption that may be associated to the motion of sperm cells.
